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Abstract 
Gas sensing properties of Co-oxide thin films were investigated and modelled. The films of cubic Co3O4 structure and with 
thickness between 20-150 nm were fabricated by pulsed laser deposition. The response of dc-conductivity to different gases (CO, 
NO2, CH4) was tested at temperatures 240 - 400 oC, and at different oxygen pressures. The conductivity changes due to O2 and 
due to test gas were found to be almost independent. The commonly used ionosorption model, which assumes reactions with 
adsorbed oxygen ions, failed to describe the dataset obtained at different CO and O2 pressures. Alternative mechanisms are 
discussed. 
 
Keywords: Co3O4; thin films; gas sensors; CO; sensitivity models; pulsed laser deposition 
1. Introduction 
The metal oxide semiconductive (MOS) sensors are capable to detect different toxic or flammable gases like CO, 
NO2, CH4, or VOC [1-2]. Their operation is based on the changes of electrical conductivity due to adsorption of 
reducing or oxidizing gases on MOS films. Commercially available semiconductor gas sensors are mainly based on 
n-type thick films. Comparing with the n-type semiconductors, the alternative could be the p-type materials like 
Cr2O3 [3], Cr2O3-TiO2 [4], or Co3O4 [5-8]. On the latter material, relatively low working temperatures (well below 
300oC) have been demonstrated. 
The development of gas sensing thin films, especially with low operating temperature is of great interest for 
lowering the power consumption of gas sensors. An accurate physico-chemical model, describing the gas sensing 
mechanism, is one of the cornerstones for such development work. A variety of models exist for describing the gas 
response of n-type oxides due to wide-scale application of SnO2 [9-11] but there are fewer models for p-type ones 
[12,13]. As in case of n-type materials, the response of p-type materials to reducing gases is most commonly 
ascribed to the surface reactions with negatively charged ionosorbed oxygen species as O-. The conductivity models 
are, however, different, as no Schottky barriers are expected in case of (hole) accumulation layers. 
In the present work, thin films of Co3O4 were grown on microelectrode substrates by pulsed laser deposition, and 
their structural, electrical, and gas sensing properties were studied. In most detailed manner, the response of dc-
conductivity to carbon monooxide was investigated and modelled. The experiments were made not only in the 
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 background of synthetic air (21% of oxygen) but also at other oxygen levels, which allowed to distinguish between 
different model scenarios. 
2. Experimental 
The cobalt oxide powder (99.999%) was purchased from Alfa Aesar and sintered at 1300oC into an ablation 
target. Thin films were grown by pulsed laser deposition (PLD) at 250-510oC and at O2 pressure 0.7-17.5 Pa on 
microelectrode substrates SM160 (Smart Microsystems), and on Si(100) for structural studies. More details on PLD 
apparatus and procedures can be found in [14]. The morphology and the structural characteristics of the films were 
investigated with X-ray diffraction (XRD), X-ray reflection (XRR), and atomic force microscopy (AFM). 
The measurements of electrical and gas sensitivity characteristics were carried out with a Keythley 2400 
sourcemeter, a gas mixing system based on three Brooks mass flow controllers, and a sample chamber with small 
hotplate heater. The voltage applied onto the 100µm gap between two Pt-microelectrodes was typically 0.1 V. A dry 
mixture of N2 and O2 (both 99,999% pure) was used as a carrier gas in all measurements. 
3. Results and discussion 
3.1.  Structure 
XRD and XRR analyses showed that all films contained only single crystalline phase of cubic Co3O4 and that the 
density of the films was 6.0 ± 0.2 g/cm3 (theoretical value is 6.06 g/cm3). X-ray measurements were carried out with 
films on silicon substrates, and these films had 111 orientation. Samples made at similar conditions  (in the same 
process) on microelectrode platforms were probably polycrystalline (not oriented). The AFM analysis revealed that 
the latter films were granular with typical grain sizes below 100 nm and with surface rms roughness between 5 and 
10 nm. (Fig.1). 
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Fig.1. AFM image of Co3O4 thin film. Fig. 2. Typical steady-state resistive responses of Co3O4 thin film to 
CH4, CO, NO2 at 400 0C. 
 
3.2. Electrical and gas sensing properties 
Electrical properties of Co3O4 thin films were examined by measuring the DC current during external heating of 
the objects up to 400oC in dry air. The volt-ampere characteristics were linear for all samples and for all 
temperatures probed. The activation energies of conductivity were between 0.13 and 0.17eV. The responses of dc-
conductivity to CO, NO2, and CH4 were studied up to 400oC in the synthetic dry air. In Figure 2 one can see the 
relative change of resistance, R/R0 for three different gases. In comparison with Ref. [6,7] our samples were more 
sensitive to CO at higher temperatures that is with agreement with [8]. The resistive response R/R0 to CO gas was ca 
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6 times smaller at 240oC than at 400oC. On contrary, for NO2 the response was (about 2 times) bigger at the lower 
temperature. 
3.3. Mechanism of CO gas sensing 
For examining the CO sensing mechanism we started with the most commonly assumed reaction pathway – 
dissociation of O2 to oxygen ions O- on the surface and reaction of these ions with CO: 
 
O2(gas) ↔ 2O-(ads)+2p+,              CO + O-(ads)+ p+→ CO2(gas),                                              (1) 
 
where p+ denotes a hole in the valence zone. If one assumes that the concentration of holes in the bulk of the 
material is much bigger than the concentration of holes participating in the surface reactions, the kinetic equation 
describing the reactions (1) can be written as 
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where PO2 is the oxygen pressure, PCO is the partial pressure of CO, and w, K1, and K2 are constants. The steady-
state solution of (2) is: 
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By assuming further that the change in the conductivity is directly proportional to the number of holes, released or 
captured in reactions (1) (ie to the concentration [O-]), one obtains for steady-state conductivity: 
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where I0 is the gas independent part of conductivity; B and C depend on reaction constants. 
      In the absence of carbon monooxide PCO=0 in formula (4), and one obtains the well-known square-root law for 
PO2 dependence. The experimental dependence of the steady-state conductivity from the oxygen pressure is shown 
in Fig.3.  
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Fig. 3. Dependence of Co3O4 conductivity (current at U=0.1 V) on 
the oxygen content in dry mixture of O2 and N2. T=3500C. 
Fig.4. The dependences of steady-state normalized currents from CO 
concentration, measured at T=3500C at different oxygen levels. The 
fitting curve is calculated with the Langmuir model, where I(O2) is 
the current at a given O2 level in the absence of CO, and ∆ICO is the 
current change corresponding to the maximal coverage by CO. 
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As one can see in Fig. 3, the experimental curve could be fitted with a power law with much smaller exponent. 
On different samples, the exponents between 0.16 and 0.24 were obtained. The exponents in this range (1/6-1/4) can 
result from the processes where the oxygen gas is in equilibrium with the lattice oxygen, whereas in addition to 
oxygen vacancies or interstitials other charge compensating defects may be involved [9]. 
The conductivity as a function of CO pressure in dry air could be well fitted with formula (4). However, these 
curves could have been equally well fitted by assuming Langmuir or Freundlich isotherms for CO solely. In order to 
clarify the situation, the response was measured at different oxygen levels in the carrier gas. The results are 
presented in Fig. 4. As one can see, the dependence has quite exactly the same form at different oxygen levels and 
even in the absence (less than 10 ppm) of oxygen in the surrounding gas. One may conclude that the conductivity 
response to CO is not caused by reactions (1) but is seemingly caused by CO sorption-desorption processes. The 
analysis of the transient kinetic curves induced by the step changes in gas pressure is in progress with the aim of 
clarifying further the details of the mechanism. 
4. Conclusions 
Gas sensor structures based on thin films of cubic Co3O4 were successfully grown by PLD and their sensitivity 
with respect to CO, CH4, and NO2 was demonstrated at temperatures 240-400oC. Most detailed studies were made 
with carbon monoxide. It was shown, that the gas response of steady-state dc-conductivity in dry air could have 
been equally well fitted by assuming different adsorption isotherms. However, the measurements in N2 and O2 
mixtures with different oxygen levels showed that the oxygen content hardly influenced the character of CO 
sensitivity. It was hence demonstrated, that such measurements could allow to distinguishing between different 
mechanisms at (near) sensor’s working conditions. Most probably the response of the studied structures to CO was 
caused by a charge transfer due to the sorption of CO and without involvement of oxygen ions. The conductivity 
change in dependence of oxygen pressure alone could be ascribed to the processes involving lattice oxygen ions. 
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